population underwent 1.4 IVF cycles on average. Cumulative pregnancy rate in multiple IVF cycles was 51.3% per person. Survival analysis showed that air pollution during periods 1 and 3 was generally associated with IVF outcomes. Increased NO 2 (adjusted HR = 0.93, 95% CI: 0.87, 0.99) and CO (0.94, 95% CI: 0.89, 1.00) during period 1 were associated with decreased probability of intrauterine pregnancy. PM 10 (0.92, 95% CI: 0.85, 0.99), NO 2 (0.93, 95% CI = 0.86, 1.00) and CO (0.93, 95% CI: 0.87, 1.00) levels during period 3 were also inversely associated with intrauterine pregnancy. Both PM 10 (1.17, 95% CI: 1.04 1.33) and NO 2 (1.18, 95% CI: 1.03, 1.34) during period 3 showed positive associations with biochemical pregnancy loss.
LIMITATIONS, REASONS FOR CAUTION:
The district-specific ambient air pollution treated as an individual exposure may not represent the actual level of each woman's exposure to air pollution. Smoking, working status, parity or gravidity of women, and semen analysis data were not included in the analysis.
WIDER IMPLICATIONS OF THE FINDINGS:
This study provided evidence of an association between increased ambient concentrations of PM 10 , NO 2 and CO and reduced probabilities for achieving intrauterine pregnancy using multiple IVF cycle data. Specifically, our
Introduction
Air pollution has been suggested to be associated with cardiovascular diseases, respiratory disorders, neuro-psychological conditions, and general mortality (Cohen et al., 2017; Pun et al., 2017; Weaver et al., 2017) . These studies mostly focused on five criteria pollutants including particulate matter less than or equal to 10 or 2.5 micrometres in diameter (PM 10 and PM 2.5 , respectively), nitrogen dioxide (NO 2 ), carbon monoxide (CO), sulphur dioxide (SO 2 ) and ozone (O 3 ). Although the specific mechanism is unclear, empirical evidence has shown that exposure to air pollution induces systemic inflammation in the general population and may lead to disease progression in susceptible individuals (WHO, 2013 , Hajat et al., 2015 Li et al., 2017) .
Conception is a complex process that involves gametogenesis, fertilisation, embryo transport and intrauterine implantation. Reduced fecundity was observed in women who were presumed to be exposed to air pollution that particularly emitted from traffic, although the biological processes involved were not clearly identified (Nieuwenhuijsen et al., 2014; Frutos et al., 2015; Mendola et al., 2017) . Passive smoking increased the risk of infertility or subfertility through accelerated follicular loss, increased oocyte aneuploidy, impaired oocyte maturation and poor embryo development (Dechanet et al., 2011; Hyland et al., 2016) . A recent report of the Nurses' Health Study II cohort showed exposure to higher concentration of coarse particles was associated with increased risk of infertility (Mahalingaiah et al., 2016) . Increased ambient concentrations of PM 10 , NO 2 , SO 2 and O 3 were associated with infertility and a higher risk of miscarriage (Checa Vizcaino et al., 2016) .
Epidemiological evidence of exposure to air pollution and obstetric complications or reproductive lifespan suggested potential impacts of air pollution on outcomes of ART. For women who undergo IVF, the probability of pregnancy may decrease with increased air pollution. A few recent studies investigated the associations between air pollution and IVF outcome; however, these were based on a few confounders and/or accounted for a single IVF cycle in each woman, which does not make full use of the data Maity et al., 2014) . Analyses including total IVF cycles per woman and adjusting for important risk factors in achieving pregnancy would provide more precise estimations of the association with air pollution (Ehrlich et al., 2012; Kirkegaard et al., 2016) . Furthermore, most studies of IVF focused on intrauterine pregnancy, as determined by ultrasonographic examination or live birth (Checa Vizcaino et al., 2016) . As women undergoing IVF cycles are almost always tested for serum hCG which can detect pregnancy prior to ultrasonographic examination, biochemical pregnancy loss, presumably associated with impaired early embryonic development or altered endometrial receptivity, can be a useful outcome (Zeadna et al., 2015) .
The objective of this study at a fertility centre was to explore the association between ambient concentrations of five criteria air pollutants during each stage of the IVF process and pregnancy outcomes.
Materials and Methods

Data
Our study population comprised infertile couples who underwent one or more fresh IVF cycles at the Fertility Centre of the Gangnam CHA Hospital from January 2006 to December 2014 and were supported by the public funding programme for infertility treatment. In South Korea, about a half of all IVF cycles are supported by the national public funding programme for infertility treatment (Oh, 2011) . All fresh IVF cycles of women aged 20-44 years during the study period were included in this study. Embryo vitrification transfer, donor oocyte and natural IVF cycles were excluded from the study.
Baseline serum anti-Müllerian hormone (AMH) and BMI were additionally obtained from medical records. We classified women's age, BMI, and number of retrieved oocytes into four categories for each: age <30, 30-34, 35-39 and ≥40 years; BMI <18.5, 18.5-25, 25-30 and >30 kg/m 2 ; and number of oocytes <5, 5-7, 8-14 and ≥15. We did not include cause of infertility in the analysis because of possible misclassification and changes over multiple cycles within the same woman.
IVF procedure
The IVF process can largely be divided into four steps: the start of controlled ovarian stimulation (COS), oocyte retrieval, embryo transfer, and pregnancy test. Briefly, COS started with daily injection of gonadotrophins which was individualised for the women's age, result of ovarian reserve test, and previous ovarian response to gonadotrophins during stimulated cycles. The dose of gonadotrophin was adjusted after 4 days of stimulation according to each patient's ovarian response, as assessed through ultrasonographic monitoring of follicular growth and serum estradiol levels. As a large proportion of women visiting our centre is of an advanced age and/ or with decreased ovarian reserve, a flexible GnRH antagonist protocol is used in the majority of cycles. In this protocol, 0.25 mg of cetrorelix acetate (Cetrotide ® ; Merck-Serono, Seoul, Korea) was started on the day when the lead follicle reached ≥13-14 mm in diameter and was continued until recombinant hCG injection was administered. When at least 2-3 follicles reached 18 mm in diameter, recombinant hCG (Ovidrel ® ; Merck-Serono, Seoul, Korea) was administered to trigger ovulation. Transvaginal ultrasoundguided oocyte retrieval was performed 35-36 h after triggering ovulation.
Patients had undertaken either a cleavage or a blastocyst embryo transfer (ET) between the third and fifth day after oocyte retrieval. The number of embryos transferred was determined based on the embryo quality and the age of the patients, in accordance with a national guideline of the Ministry of Health and Welfare in Korea (Han et al., 2015) . Starting on the day of oocyte retrieval, luteal support with daily transvaginal or i.m. progesterone was provided until either a negative pregnancy test (serum β-hCG <5 mIU/ml) or 8 weeks' intrauterine gestation. Biochemical pregnancy loss was defined as a case when serum β-hCG was greater than 5 mIU/ml at the serum HCG test 14 days after oocyte retrieval and then pregnancy loss occurred without progression to the point of ultrasound confirmation (Lenton et al., 1991; Annan et al., 2013) . Intrauterine pregnancy was defined by confirmation of a gestational sac in the uterine cavity by transvaginal ultrasound at 7-8 weeks of gestation.
Exposure assessment
Hourly concentrations of PM 10 , NO 2 , CO, SO 2 and O 3 measured at 40 air quality monitoring sites in Seoul were obtained from the National Institute of Environmental Research. We used measurements at urban background sites only to represent residential exposures in women. Each of the 25 districts in Seoul (10-47 km 2 ) had one urban background monitoring site, after our exclusion of the sites that did not operate for the entire study period. To compute representative daily averages from hourly measurements, we calculated the 24-h daily averages for days on which >75% of hourly measurements (18 h) were available at each site. Then, we computed daily concentrations of five pollutants to represent characteristics of each pollutant: 24-h averages for PM 10 , NO 2 and SO 2 , and maximum of 17 8-h moving averages for CO and O 3 . These maximum concentrations of CO and O 3 were used on the basis of the majority of their production by commuter traffic and sunlight, respectively (Kim et al., 2007) .
Based on daily concentrations, we computed average concentrations for four exposure periods, including the three corresponding to a part of the IVF process and one period for the entire process, as summarised in Fig. 1 : period 1 (start of COS to oocyte retrieval), period 2 (oocyte retrieval to ET), period 3 (ET to hCG test) and period 4 (COS to hCG test) in reference to previous studies (Legro et al., 2010; Perin et al., 2010) . We assigned a district average to women living in the same district as individual exposures. We assumed that a woman's address was the same throughout IVF treatments, as most cycles of an individual finished within 1 year.
Statistical analysis
We investigated the correlation between each pair of the five air pollutants using Spearman correlation coefficients. Mean concentrations of five air pollutants during the IVF cycles with no pregnancy (negative pregnancy test), biochemical pregnancy loss and intrauterine pregnancy were analysed for trend across IVF outcomes. Summary statistics of general characteristics were calculated for 4581 women and 6621 IVF cycles. Discrete-time survival analysis was used to assess the association between exposure to air pollution during the IVF process and IVF outcomes. Unlike conventional survival analysis, the IVF cycle was defined as the time scale and the last IVF cycle was treated as censored time for patients who did not return to their next treatment, as applied in previous studies using survival analyses for IVF outcomes (Daya, 2005; Malizia et al., 2009) . The hazard ratio (HR) calculated in discrete-time survival models indicates fewer cycles to achieve the pregnancy when it is higher than 1, whereas a HR less than 1 means more cycles to the pregnancy. We estimated HR using the timevarying Cox proportional hazards model to incorporate different exposures and resulting risks across time (an IVF cycle in our application) (Nobles et al., 2018) . We also estimated unadjusted and adjusted HRs of biochemical pregnancy loss or intrauterine pregnancy for an interquartile range (IQR) increase in each air pollutant concentration for each exposure period. Individual characteristics that we adjusted for included women's age, BMI, number of oocytes retrieved, ICSI, number of embryos transferred, blastocyst transfer, season and year of oocyte retrieval. We did not include serum AMH, because it was highly correlated with number of retrieved oocytes and the effect estimate was not significant when both were included in the model. An IQR increment has been widely used in epidemiological studies of air pollution to allow the comparison of health effect estimates of air pollution across different pollutants and different populations (Sokol et al., 2006; Nieuwenhuijsen et al., 2014; Snowden et al., 2015) .
We performed two sensitivity analyses to assess the robustness of our findings. First, we carried out logistic regression using the generalised linear mixed model (GLMM) to account for within-woman correlation and compared the results to our primary results from survival analysis based on time-to-event data. GLMM produces mixed effect estimates including fixed effect estimates for air pollution and confounding variables, and random effect estimates for residual variability of women in each cycle. Using the same reference group of no pregnancy, we estimated unadjusted and adjusted odds ratios (ORs) of biochemical pregnancy loss or intrauterine pregnancy for an IQR increase in each air pollutant concentration for each exposure period. Second, to explore possible non-linear relationships between air pollution and IVF outcomes, we categorised study cycles into four subgroups defined by four quantiles of NO 2 and estimated HRs of biochemical pregnancy loss and intrauterine pregnancy in each subgroup compared to the subgroup of the first quantile. In addition, to gain an insight into the role of the total number of oocytes as a confounder or mediator, we performed causal mediation analyses and estimated mediated effects, as mediated proportions, by the total number of retrieved oocytes (Zhang et al., 2016; Moore et al., 2017) . Mediation models quantify average causal mediation effects (ACME) and average direct effects (Imai et al., 2010) .
All analyses and plotting were performed by using R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). A value of P < 0.05 was taken as significant.
The protocol of this study was reviewed by the Institutional Review Board of . As it involves a retrospective review of medical records, a waiver of the requirement for informed consent was approved.
Results
We analysed 6621 cycles of 4581 patients who had undergone one or more fresh IVF cycles at the Fertility Centre of Gangnam CHA Hospital from January 2006 to December 2014 and lived in Seoul at the time of IVF treatment. (Table II) . There were 0.3-1.2% of cycles that had missing exposure data across the four exposure periods and five air pollutants. Mean concentrations during periods 3 and 4 showed a generally decreasing trend toward IVF success for PM 10 , NO 2 and CO. Between the concentrations of five air pollutants, moderate to low correlations (r = −0.01 to 0.62) were observed in each of the four periods (Supplementary  Table SI) .
Using a time-varying Cox proportional hazards model, HRs of biochemical pregnancy loss and intrauterine pregnancy for IQR increases in concentrations of the five air pollutants were computed and are summarised in Table III In general, HRs were lower than 1 for intrauterine pregnancy but greater than 1 for biochemical pregnancy loss.
The HR of intrauterine pregnancy was the lowest during period 3 across all five pollutants compared to other periods in the adjusted models. We found the inverse association of intrauterine pregnancy with NO 2 (adjusted HR = 0.93, 95% CI: 0.87, 0.99) and CO (0.94, 95% CI: 0.89, 1.00) during period 1. The negative association was also found for PM 10 (0.92, 95% CI: 0.85, 0.99), NO 2 (0.93, 95% CI = 0.86, 1.00), and CO (0.93, 95% CI: 0.87, 1.00) during the period 3. Both PM 10 (1.17, 95% CI: 1.04 1.33) and NO 2 (1.18, 95% CI: 1.03, 1.34) during the period 3 were positively associated with biochemical pregnancy loss. We did not find associations with both IVF outcomes for SO 2 and O 3 .
In sensitivity analyses, GLMM gave generally consistent results with those in time-varying Cox proportional hazards models, although risk estimates were lower in Cox models (Supplementary Table SII ). There were negative associations of intrauterine pregnancy for PM 10 , NO 2 and CO during the period 3 and NO 2 during the period 1. The women who were exposed to the third or fourth quartiles of NO 2 during period 1 tended to have lower HRs of intrauterine pregnancy than those for the lowest quartile ( Supplementary Fig. S1 the third quartile (0.84, 95% CI: 0.74, 0.96). Mediation analyses (not shown) showed that 4.5% and 5.6% of the effect estimates of intrauterine pregnancy for PM 10 during period 3 and NO 2 during the period 1, respectively, were mediated through the total number of oocytes. We included number of oocytes as a confounding factor in the model because these ACMEs for both PM 10 and NO 2 pollutants were not statistically significant (P = 0.84 and 0.58, respectively).
Discussion
This study provided evidence of an association between increased ambient concentrations of PM 10 , NO 2 and CO, and reduced probabilities for achieving intrauterine pregnancy using multiple IVF data after adjusting for individual risk factors. Specifically, our results indicate that lower intrauterine pregnancy rates in IVF cycles may be linked to ambient air pollution during the COS and post-transfer periods. A higher risk of biochemical pregnancy loss with increase in PM 10 and NO 2 for the post-transfer period may suggest a harmful effect of air pollution, considering that biochemical pregnancy loss often means an abnormal implantation. The lower chance of intrauterine pregnancy associated with the increase in PM 10 and NO 2 found in our study confirms previous findings. Several studies reported inverse relationships between ambient air pollution and IVF outcomes (Carre et al., 2017a) . Legro et al. (2010) showed reduced chances of pregnancy and live birth with an increase in NO 2 concentrations, both in women's homes and the IVF laboratory, but did not find an association for other air pollutants, including PM 10 . However, their analysis did not include significant confounding factors such as women's BMI, ovarian response, season and year of treatment. In a Brazilian study, women exposed to ambient PM 10 in the highest quartile during the follicular phase showed increased risk of early pregnancy loss: five times higher than their counterpart in the lowest quartile after adjusting for individual confounders (Perin et al., 2010) . A recent study in France found inverse relationships of NO 2 and PM 10 with ovarian response but non-significant associations with both fertilisation and implantation rates (Carre et al., 2017b) . The significant finding for PM 10 and IVF pregnancy in our study would be possibly linked to different components of PM 10 representing different pollution sources or different population characteristics. As these two pollutants are well known as being related to emissions from traffic (Health Effects Institute, 2010), our findings indicate possible impacts of traffic-related air pollution on pregnancy in IVF-treated women.
The mechanism of this potential harmful effect of air pollution during the post-transfer phase (period 3) is not clear. Historically, ambient air pollution has been found to reduce semen quality and impair fertilisation capacity (Rubes et al., 2005 (Rubes et al., , 2007 . Our finding of a lower intrauterine pregnancy rate in IVF cycles with higher levels of air pollution suggests that the intrauterine implantation process after embryo transfer (period 3), in addition to the pre-fertilisation process, may also be PM 10 , particulate matter less than or equal to 10 micrometres in diameter; NO 2 , nitrogen dioxide; CO, carbon monoxide; SO 2 , sulphur dioxide; O 3 , ozone; ppb, parts per billion impaired by ambient air pollutants. In the studies of reproductive effects of smoking, ovarian function and number, and quality of oocytes decreased among smokers compared to non-smokers (Zenzes et al., 1995 , Van Voorhis et al., 1996 , El-Nemr et al., 1998 , Benedict et al., 2011 . The toxic constituents of tobacco were suggested to induce oxidative stress, DNA damage and alteration of uterine receptivity, with subsequent intrauterine implantation failure (Shiverick and Salafia, 1999; Khorram et al., 2010) . As passive smoking can be considered a more serious form of ambient air pollution (van der Zee et al., 2016) , the deleterious effect of the three air pollutants on implantation in our study might have a similar mechanism(s).
We adopted a different analytic approach using GLMM as a sensitivity analysis because of several potential limitations of survival analysis indicated in IVF research. The Cox-proportional hazards model assumes the same risks of events (probability of pregnancy in our application) for dropout patients, which may be less likely for IVF outcomes because women with a poorer prognosis are more likely to drop out in infertility treatments (informative censoring) (Daya, 2005) . In addition, the intervals between IVF cycles, treated as a surrogate for time, varied both within and among subjects; this variation may result in overestimation of risks (Deonandan et al., 2001) . In contrast, GLMM does not incorporate failure precedent for success in general and is more likely to overestimate the probability for an event. Despite these analytical differences between time-varying Cox-proportional hazards model and GLMM, qualitatively consistent results from both analyses reflect the strength of evidence.
We used district-averages of air pollution as individual exposures. Although the size of district is somewhat large (25 km 2 on average), the urban background monitoring sites were mostly located at the community-service centres in largely populated residential areas. Thus, these monitoring sites may well represent air pollution exposure to residents of the district. Studies of air pollution and IVF outcomes used different air pollution assessment approaches to estimate individual-level air pollution concentrations. Some studies used simple approaches, such as area-averaging (Perin et al., 2010; Carre et al., 2017a Carre et al., , 2017b , whereas others adopted prediction models, such as geostatistical techniques, to estimate air pollution concentrations at a woman's home address and IVF centre (Legro et al., 2010) . Since temporal variability is much larger than spatial variability in daily averages of air pollution exposures in our data (Yi et al., 2016) , the impact of exposure measurement error resulting from spatial misclassification may not be substantial. Future studies should investigate the association using more refined individual exposure estimates to represent spatial variability of exposures. There are several other limitations in this study. Because we used the administrative data from the public funding programme, some key individual confounders related to smoking, pregnancy history and occupation were not available. As there were associations between air pollution and smoking intensity, smoking might have confounded air pollution-related effect estimates (Strak et al., 2017) . However, because the positive urinary cotinine rate in women undergoing IVF treatment in Korea was below 10%, the influence on risk estimates would not be profound . In addition, our analysis did not include sperm data, parity and gravidity. As we included the ICSI procedure in our analysis and restricted cycles to those with embryo transfer, the sperm quality might have been partially accounted for. We did not adjust for women's occupation and did not incorporate the location of workplaces in the exposure assessment, which might have resulted in bias or imprecision of our health effect estimates. Future studies should confirm our findings based on prospective cohorts that include the information on these confounders.
In conclusion, increased concentrations of ambient PM 10 , NO 2 and CO after embryo transfer were associated with a decreased probability of intrauterine pregnancy. Future studies with refined exposure metrics and multicentre populations should be performed in order to confirm our findings.
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